SUPPLEMENTARY RESULTS
distribution of HD diameters taken from the entire experimental population.
Nevertheless, the theoretical prediction of HD stability and its expected diameter were in remarkable accord with the experimental results; in fact, the relative probabilities and minimal HD diameter from the continuum and distributional (experimental data) PDFs were the same (Fig. 4e) . Both the hemifusion stalk expansion pathway and ruptureinsertion pathway toward hemifusion possess HD diameters of miminal energy. But the mechanisms promoting or preventing growth are different for these two pathways.
In the hemifusion-stalk expansion pathway ( For the rupture-insertion pathway ( Fig. 4e and Supplementary Fig. 8e , blue and red curves), we assume that the diameter of the HD is equal to that of the binding area between the VLP with its complement of HA and the liposome. This assumption is consistent with the observation that the distributions of binding area are similar to HD areas and that these HD interiors could contain HA. A Hookean binding potential with energy ΔG0π(D/2+l 0 ) 2 A 0 -1 was used to numerically enforce the condition that the proximal monolayers of the initially spherical liposome and VLP bilayers adhered to form a common surface of prescribed diameter D ( Supplementary Fig. 8c and 8d) . To obtain the adhesion energy, we used ΔG0 = -11 kT (-6.4 kcal mol -1 ) for the Gibbs energy for insertion of an HA fusion peptide into the liposome membrane 1 and A 0 = 91 nm 2 for the surface area per HA (~11 glycoproteins per 1000 nm 2 ). In this pathway, expansion of the initial HD is favored since the energy gained in binding is greater than the energy required to locally flatten the apposing proximal monolayers ( Supplementary Fig. 8c ).
But beyond the minimal HD diameter, growth is prevented by the elastic energy required to support the increasingly deformed shapes ( Supplementary Fig. 8d ). In contrast to the hemifusion stalk expansion pathway, the energies of the rupture-insertion pathway are relatively insensitive to cholesterol composition since the curvatures of the bound proximal monolayers do not match any of the spontaneous curvatures ( Fig. 4e and Supplementary Fig. 8e , red curve k 0 = -0.07 nm -1 , blue curve k 0 = -0.13 nm -1 ).
We also used continuum analysis to investigate the effect of cholesterol concentration on the energy required to form an initial hemifusion-stalk. The reference energy E 0 of a spherical liposomes and VLP (prior to merger) varies with spontaneous curvature, and in turn varies with cholesterol concentration since k 0 becomes increasingly negative for increases in cholesterol concentration. Comparing the energy E of a stalk shape (HD diameter 6 nm) with the reference energy E 0 , we find that the relative change in energy decreases with increases in cholesterol concentration, and becomes negative at approximately 31 mol % cholesterol (Fig. 4f, inset) . For concentrations much less than 31 mol %, stalk formation requires a large amount of energy. Hence, for low concentrations an energetically more favorable trajectory would be taken, such as the rupture-insertion pathway. Conversely, for concentrations of cholesterol greater than 31 mol %, the stalk expansion pathway for hemifusion will be favored over the rupture-insertion pathway.
Lipidic junction and HD dependencies on M1 layer.
Experimentally, the appearance of lipidic junctions was independent of the M1 Fig. 4e, 4f ). The theoretical probability distribution exp(-ΔE/kT) was fit well by a log-normal PDF/CDF (Supplementary Fig.   10d and 10e). Calculated minimal shapes for different HD diameters, with and without the matrix layer, are shown in Supplementary Fig. 10a -c. They are similar to the bilayer shapes in the cET images ( Supplementary Fig. 4a ). The interpretation of the theoretical energy curves ( Supplementary Fig. 4e and 4f) is that for HD diameters greater than at the energy minimum, the neck of the liposomal bilayer is less pinched than for small HD diameters and hence the splay energy of the liposome monotonically decreases. For diameters smaller than at the energy minimum, the inner walls of the narrow liposomal neck repel. Moving these walls apart (increasing HD diameter), relieves the intermonolayer pressure ( Supplementary Fig. 10a, inset) , accounting for roughly one half of the drop in total energy. Widening of the HD allows the outer VLP-HD lipids of the "Y"
to assume a less vertical alignment ( Supplementary Fig. 10 and 10b, insets) . This relaxes the liposomal tilt deformation and yields a further reduction in total energy. In the VLP bilayer, the overall splay energy decreases with HD diameter; the growth of HD splay is 
Supplementary Video 4
Animated visualization of isosurface of spherical VLP and several liposomes at low pH shown in Fig. 2c and 3a-d. Liposome marked by A corresponds to the liposome in Fig.   2c and 3a. Liposome marked by C corresponds to the liposome in Fig. 3c . Lipidic junctions are marked by red arrowhead in the first frame of the video.
Supplementary Video 5
Video of tomogram shows ruptured liposomes and lipidic junctions with G1S filamentous VLP (corresponding to Fig. 3e ). Tomogram was acquired at defocus -1µm
with VPP and denoised using the NAD filter with a k value of 1, for 10 iterations.
Supplementary Video 6
Animated visualization of isosurface of ruptured liposomes and lipidic junctions with 
